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SPECTROPHOTONETRIC ANALYSIS OF AQUEOUS MIXTURES 
OF SOME CHROMIUM (III) COMPLEXES 

I. INTRODUCTION 

There is « greet need for electricel storage developnent for renote power 
systeaipplications that are supplied either by solar jdiotovoltaic arrays or 
wind turbine generators. (1) Lead-acid batteries are currently used for this 
application but costs are high and the systea level is difficult to Maintain. (2) 
Over the past ten years* the NASA-Lewis Research Center has developed the 
NASA-Redox concept (3,4) to where small but complete Redox energy storage 
systems have been built. These inexpensive, relatively unsophisticated systems 
store energy during periods when ample power is being produced by solar or 
wind generators, and supplied to the various loads during low production 
periods. (S) 

An-ither application for energy storage systems is in electric utility 
service where they would serve in a load leveling capacity. (0) These storage 
devices would be in the ten megawatt size range and would be used on a daily 
cycle. 

The NASA-Redox Energy Storage system is an electrochemical storage device 
that utilizes the oxidation and reduction of two soluble redox couples for 
charging and discharging. The active solutions, seperated by a highly selective 
ion exchange membrane, are pumped through a stack of Redox flow cells where 
the electrochemical reactions take place at porous carbon felt electrodes. 

The redox couples currently in use are acidified solutions of chromium 
{Cr(III)/Cr(II)} and iron {Fe(III)/Fe(II) ). 

A diagram showing the single Redox cell and the electrode reactions is 
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shotm in figure 1. The anion exchange a«nbrane separates the c<mpartamts and 
prevents the cross-mixing of the reactive cations. The electrode material is 
carbon felt, catalyzed by trace amounts of gold and lead on the chromium side. 
The need for the catalyst is evident because the rate of reduction of Cr(lII) 
to Cr(II) is slow on most surfaces. (7,8) The catalyst must have a high over- 
voltage for hydrogen because, theiaodynamically, hydrogen is evolved before 
chromium is reduced. The result of coevolution of hydrogen is a reduction in 
coulombic efficiency and a loss of balance electrochemically in the system 
after many cycles. Trace amounts of gold (12 to 25 ug/cm^) and lead (100 to 
200 ug/cra^) deposited on the carbon felt meet the criteria for an effective 
catalyst. The gold produces a surface onto which lead deposits uniformly 
during a slow charging cycle. No catalyst is required on the iron electrode. 

During a discharge cycle, chloride ions move from the cathode compart- 
ment to the anode compartment, and hydrogen ions move in the opposite direc- 
tion. On charge all reactions are reversed. 

The relatively inert inner-sphere complex ions Cr(H20)5Cl*^ and Cr(H20)4Cl2* 
are present at equilibrium with Cr(H 20 )^^^ in aqueous solutions containing 
Cr(III) anddiloride ion. (9) Both color changes and open-circuit v Itage versus 
state-of-ch'arge plots confirm thep*esence of these complex ions. Distinctive 
differences in the chromium solutions are observed at the same state of charge 
depending on whether the cell is in the charge or discharge mode, as seen in 
figure 2. At above 50 percent state-of-charge the charging rate drops off 
appreciably. 

The twoq)ecies, Cr(H20)5Ci*^and Cr(H20)(i'*'^, have been identified as present 
in Redo.x solutions by ion exchange chromatography and visible spectrophotometry. 
Spectral data indicates that the concentration of Cr(HjO) -Cl'*’- decreases much 
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mort rapidly with increasing state of charge than does the concentration of 
Cr(H20)6*3 indicating that Cr(H20)5Cl'*’2 is the predominant species being re- 
duced during the charging cycle. There is a rapid rise in Cr(H20)sCl’^^ 
concentration as discharge takes place, and the concentration of Cr(H20)5'^^ 
rises only after appreciable Cr(H20)5Cl'*^^ is produced. The main electroactive 
species, then, is pentaaquachromiusi chloride. (10) 

Cr(H20)5Cl'^^ is evidently reduced via an inner-sphere chloride bridged 
electrode reaction and the oxidation of Cr(H20)gCl^ as an inner-sphere chlor- 
ide bridged electrode reaction. A slowly attained equilibrium exists between 
CrCHoO)^'*’^ and Cr(H20)5Cl'*'2 that is catalyzed by Cr(II).(10) 

From this information it is crucial that methods be developed to study 
and control the equilibrium between Cr(H20)5Cl‘*‘2 and Cr(!l20)g^^. The ability 
to control this equilibrium would provide the means to increase the efficiency 
and capacity of the NASA Redox Energy Storage System. 

Increased t^nperature of the system is believed to thermodynamically 
shift the equilibrium between the chromium complexes to favor the Cr (820)501*^ 
species--the main electroactive species. In order to study this temperature 
effect reliable methods of chromium analysis and determination are necessary. 

Hiis work describes and compares several methods of determining the 
relative concentrations of Cr(H20)gCl*^ and Cr(H20)g*^. The three methods 
studied are curve resolving methods, used in evaluating spectrophotometric 
results, mixture studies, used in verifying curve resolving techniques, and 
chromium analysis. 
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II. EXPERIMENTAL ^ QWAUTY 

All visible sptctrophotonetric work was 4ons on a Parkln-Elmer CoIvsan 124 
double baaa spectrophotometer with a Sargent model SR recorder. 

Preparation of Cr(H20)5C1^2 and Cr(H20)6*^. 

Ion exchange chromatography was used to obtain the pure Cr(ll20)5Cl^^ 
and Cr(H20)^^3 (11) solution of .07 M Cr(lbO)4Cl2* prepared by dissol- 
ving 4.663 g of CrCl2’6H20 in 2S0 ml of .002 M HCIO4. A 38cm x llBun column 
was prepared using Dowex 50N-X8 (50-100 mesh) cation exchange resin. The 
.07 M Cr(H20)4Cl2'^ (63°C) was placed on the fresh column and eluted with 
.1 M HCIO4 (approximately IOC ml). 

The most weakly held cation, Cr(H20)4Cl2'^» was liberated from the 
column as a result of the .1 M HCIO4 elution. Upon pouring 1.0 M HCIO4 onto 
the column Cr(H20)5Cl^^ was caused to move down the resin and was collected. 
Finally, 3.0 M HCIO4 was required to displace the very strongly bound Cr(H20)^*^ 
from thexBsin. Since we were interested only in the Cr (1120)501*^ and Cr (1120)4*^ 
complexes, they were the only two complexes saved for this study. 

The visible spectra of the complexes were in agreement with literature 
values. 

Preparation of Standard Chromate solutions used in Chromium Analysis. 

A standardised 100 ppm chromium solution in the form of chromate was 
prepared by dissolving .2329 g Primary Standard X2Cr'^0y in 1000. 0 ml of 
standard .05 M KOH. Dilutions were made of this solution to 10 ppm, 7.5 ppm, 

6.0 ppm, 3.5 ppm, 2.5 ppm, and l.O ppm chromium in the form of chromate Ion. 
Absorbance was read for each diluted solution at 366 mu, using .05 M KUH as 
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a rtfarencc. A graph was constructad plotting coneontration (absciaaa) vs. 
absorbSnce (ordinate). 

Preparation of Chroniuai sai^)les for analysis 

In order for appropriate absorption readings to be taken* the chrooiun 
cooiplexes aust be converted to chroaate ion and diluted such that their 
colors correspond to that of the standard chroaate solutions. 2.0 al of 
Cr(H 20 ) 5 Cl *2 and 2.0 al of Cr(H 20 ) 6 *^ were seperately pipetted into a 100 al 
voliaietric flask. SO al of .OS M KOII was added to each flask followed by 8 
drops 30% H 2 O 2 and then aore .OS M KOH to dilute each to 100 al. The 
solutions were allowed to stand overnight. 10 al of each chroaate species 
was diluted to 1000 al with .OS M KOH, aaking the total dilution factor 
froa thecriginal solution l/SOOO. Absorbance at 366 au was recorded for 
each diluted solution. 

Mixture Studies 

Mixtures of Cr(H20)sCl*2 to Cr(H20)^*^ were aade using the following 
ratios and voluaes; 1:1 (2.0 al:2.0 al), 2:1 (4.0 al:2.0 al), and 1:2 (2.0 al: 
4.0 inn. 2.0 al pipettes were used in this procedure. Absorption spectra 
wore obtained for each of these aixtures. Mixtures of 1:1. 2:1. and 1:2 
CrdUOl^cT* to O.l M HClOj and 1:1, 2:1, and 1:2 0.1 M 1004 to Cr(lUO)^^^ 
were prepared and spectra were obtained using 0.1 M HCIG^ as reference. 

Curve Resolving 

The DuPont 310 Curve Resolver was used to study the absorption curves. 

It was used to add the component bands of the pure complexes, giving the 
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coaposite band of the aixture. 

The 510 Curve Resolver is e special purpose analog coaputer for the rapid 
resolution of overlapping peaks in experiaental data. To accoaplish this, the 
instruaent generates a series of component peaks and synthesizes i sum curve 
matching die original data. The 310 was set to generate, on each of its function 
generator channels, peak shapes corresponding to Gaussian distritnitions. Indi- 
vidual peak parameters of height, width, and horizontal position were varied 
on each channel until each peak of the individual species spectra was represen- 
ted by a separate channel . The desired curves were then summed by switching 
on and off the appropriate channels to yield the composite curve structure 
similar to the spectra of the mixtures obtained from the mixture studies. 

When working with mixtures in which one or both of the species is very 
concentrated the curve resolver will not be as accurate near the wavelength 
of maximum absorbance. 

Computer Analysis 

All computer work was done on a Radio Shack TRS-80 Level II computer 
utilizing disk basic. 

III. DATA AND CALCUUTIONS 
Computer Analysis 

The absorption spectra of Cr(H20J jCl*^ and Cr(H20)^*^ and their mixtures 
are shown in figures 3 thru 5. Molar absorptivities (e) at various wavelengths 
for theiwo species vere calculated using the.se spectra and Beer's Law and were 
used in the computer analysi.s. They are listed in table 1. 
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A computer program was developed which computes the concentrations of 
two species using data frmn the absorption spectra of the mixture of the two 
species. The program, SPEC/BAS, is listed in the data section. 

A sample run of the program is found in the date section. This program 
takes data from visible spectra as input and gives concentration of species, 
standard deviation and relative average deviation as output. It also incor- 
porates a means of not including erroneous values in the calculation of the 
average concentration of the individual species. 

IVhen working with mixtures in which one or both of the species is very 
dilute (less than .1 M) the computer program SPEC/BAS must be edited to 
accomodate these values. There is an error factor in line 2040 (underlined in 
listing of program in data section) which must be increased to a value which 
will give acceptable output from the computer. The rationale behind this is 
that in the program there exists a subroutine (lines 2000-2180) which eliminates 
concentration values which arc in error of the mean by a factor greater than 
the error factor. For very dilute solutions, which are already subject to 
spectrophotomctric errors, a small error factor would cause most of the com- 
puted concentrations to be eliminated. 

A listing of the solutions to the combinations of linear simultaneous 
equations is also contained in the output, as well as the total standard 
deviation and relative average deviation for all of these results, erroneous 
values included. 

The program SPEC/ BAS was used to analyte the absorption curves of the 
thr.'c mixtures of chromium complex(.s. The results ire shown in tabic 2 in 


tabular fori. 
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Chroalua Analysis OP pQon QUALITY 

Tha plot of absorbance vs. concentration for chroaiua is shoim in figure 
6. The diluted Cr(H20) had an absorbance reading of 0.342, which corres« 
ponds t;# a concentration of 3.80 ppn, according to the calibration curve. 

Knowing the dilution factor to be 1/5000, the original saaple concentration is 
calculated to be 0.365 M Cr(H20)^Cl*^. The chroaius coaplex Cr(H20)^‘^^ had an 
absorbance value of 0.760, corresponding to 0.813 M. 

With this information, the concentrations of the chroaiua coaplexes used 
In the mixture studies can be calculated. The concentrations ccaputed for this 
study are listed in table 2 . 

Curve Resolving 

The sumations of the individual coaponent curves using the Curve Resolver 
are shown in figures 3 thru 5. The suamation curve froa the Curve Resolver 
accurately aatches the absorption bands of the chroaiua coaplex aixture. 

The greatest error was found near the wavelength of aaxiaua absorbance 
where the discrepancy between the aixture* s absorbance and the Curve Resolver's 
results As as much as 5.0% for one peak. The mean discrepancy at was 1.7% 
for the peak whose maximum occurs near 585 mu and 2.3% for the peak whose max- 
imum occur.*^ near 415 mu. 

X Correlation 

w«lX 

Figure 7 illustrates the plot of wavelength of maxiaun absorbance (abscissa) 
vs. concentration ratio (mole fraction) of Cr(H 20 )jj*V{Cr(ll 20 ) 5 Cl*‘ * Cr(H20)^*5) 
(ordinate). It is interesting to note that a linear relationship is fouiul 
between abscrbance and concentration ratio (mole fraction Cr(H 20 )^*^). 
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Hie coaiHiter progru g«ve very good results for the deterainstion of 
chroalua coaplex ion concentrations fron the analyxatlon of the chroaius 
coaplex mixture's spectra data. Table 2 shows the percent errors of the aeMi 
values using the concentrations deterained froa the chroaiua analysis as the 
accurate standard values. The concentntion values froa the chroaiua analysis 
are within the expected error of the staiuiard deviations for the coaputer 
analysis for the mixture ratios 1:1 and 2:1 Cr(H20)^Cl^^ to Cr(H20)^^^. This 
is not the case for the 1:2 mixture ratio, however. These errors are due, 
presumably, to a number of factors: molar absorptivity calculation errors, ami 

absorbance errors due to a combination of wavelength errors in the spectro> 
photmaeter and large slopes of the absorption curves 

The curve resolving proved to provide an accurate means of representing 
absorption curves using a Guissian-type distribution. The summation curve 
errors occur ing near the wavelength of maximum absorption were due to the 
extreae sensitivity of the Curve Resolver near the peaks of the curves. In 
addition, it must be taken into account that absorption curves are only simi- 
lar to Gaussian-type distributions and can not he represented exactly by this 
t)'pe of a curve similatlon. 

V. CONCLUShW 

Several methods fer determining the concentrations of CrlH^0)^Cl*^ and 
Cr(H20)^*^ in aqueous solutions containing Cr(lll) and chloride ion were 
found to provide valuable results. Curve resolving was found to provide an 
excellent means of resolving spectra of mixtures of CrlHjOlgCl*^ and CrCH 20 )^*^ 
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into thtir Individual coapontnt id>aorption apactra. Tha chroniuB analyaia 
atudiaa proved to be vary reliable and presented a Method of evaluating the 
curve resolving md eoq^ter analysis. 

Future applications for these Methods of study can be sem in the area 
of teMperature studies on the Cr(III) solution. Studies of this type would 
deterMine the potential of utiliqing the heat generated by the Redox Energy 
Storage Systee's punps to increase the tenperature of the electrtlyte solu- 
tions. Increased teMperature of the systeM is believed to have the effect of 
shifting the equilibriua between the chroMiun coMplexes to favor Cr(H20)5Cl^^ 
--the electroactive species. Should this effect occur, the electrical capa- 
city and efficiency of the system would increase. 
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Wavelength 

TABLE 1 

€ Cr(H20)5Cl*^ 

£cr(H20)g'"^ 

652 

11.15 

3.76 

628 

15.05 

7.30 

592 

15.66 

13.06 

556 

8.93 

12.81 

532 

5.04 

8.96 

460 

13.21 

6.28 

442 

13.91 

10.58 

418 

19.62 

16.93 

388 

7.78 

16.16 

370 

1 

i 

2.58 

11.93 




TABLE 2 





Concentration (M) 

Concentration (M) 


1 Mixture Ratio 

from SPEC/BAS 

from Cr Analysis 

^ Error 

111 

Cr(H20)^Cl'^^ 

0.200 +.019 

0.183 

8.5 


Cr(H20)g 

0.399 1.026 

0.407 

2.0 

2il 

Cr(H20)^Cl'^^ 

0.255 1.020 

0.243 

4.7 

Cr(H20)g''^ 

0.272 1.022 

0.271 

0.4 

1 j2 

Cr(H20)^Cl'’^ 

Cr(H20)^''^ 

0.145 1.013 
0.517 1.020 

0.122 

0.542 

15.3 

4.6 
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SS8 LPNINT USINS Htt8(I) 

39S NEXT 1 
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